and dNR2, which together establish an acute role for
Expression of dNR1 and dNR2 in Adult Brain were labeled preferentially. Notably, punctuate staining was detected in many brain regions including the supeTo examine expression of the dNR1 protein, we generated a rabbit anti-dNR1 polyclonal antibody. Anti-dNR1 immunostaining was diminished throughout protein distributed at the cell bodies and synapse-like the entire brain after heat shock as compared with no puncta along its fibers ( Figure S5) . Thus, at least in DAL heat shock (data not shown, also see Figure S4 ). This neurons, dNR1 appears to localize both pre-and postreduction in dNR1 was quantified in a pair of dorsalsynaptically.
anterior Figure 6B ). Because sensorimotor responses to the EP331/EP331 homozygotes are viable, which allowed odors and footshock stimuli were not affected in transus to evaluate olfactory learning [27] . Compared to heterozygous EP331/+, hs-GAL4/+ flies before or after wild-type flies, learning was reduced in both homozyheat shock (Table S4 ), these data establish that dNR1 is required acutely for olfactory learning. gotes (Figures 4C and 4D) . (A) Q-PCR reveals the induction of an antisense RNA after heat shock in EP331/+, hs-GAL4/+ flies (P26/EP331). Homozygous EP331 virgins were crossed to hs-GAL4 (P26) males. As controls, EP331 (+/EP331) or hs-GAL4 (+/P26) flies were crossed to wild-type flies. All the crosses were maintained at 18°C to minimize the leaky expression of hs-GAL4. 1-to 2-day-old flies were harvested from above crosses, subjected to a 7 hr heat-shock protocol, and then allowed to recover for 15 hr at 18°C (+HS, 15 hr Recovery; see Supplemental Experimental Protocol for details). Different groups of flies were treated in parallel but were not subjected to heat shock (−HS), serving as controls for possible nonspecific effect from handling during heat shock. RNAs then were isolated from heads, and Q-PCR was used to quantify induction of the anti-dNR1 mRNA. (B) dNR1 protein was disrupted upon induction of the anti-dNR1 mRNA. Western blotting indicated that dNR1 was diminished after heat shock in EP331/+, hs-GAL4/+ (P26/EP331) but not in wild-type (+/+) flies. For a loading control, the same blot was probed with anti-actin antibody. dNR1 levels were quantified from four replicate experiments (bottom; double asterisk, P < 0.001). (C) Expression of dNR1 also is diminished in situ. Induced expression of anti-dNR1 was quantified in a pair of dorsal-anterior-lateral (DAL) and a pair of ventral-anterior-lateral (VAL) neurons, where the protein is preferentially expressed (see Figure 3) . In both cases, expression of dNR1 was significantly reduced (bottom; asterisk, P < 0.05; double asterisk, P < 0.001).
Acute Disruption of dNR1
Abolishes ruption of dNR1. The observation that 1-day memory after massed training was normal also suggested that Long-Term Memory We also evaluated whether dNR1 was required for longextended training might overcome the learning defect (after one training session) observed for EP331/+, hslasting memory produced by extended training [30] . EP331/+, hs-GAL4/+ flies were subjected to spaced or GAL4/+ flies subjected to heat shock ( Figure 6A ). Indeed, this was the case for both spaced and massed massed training (see Supplemental Experimental Procedures) 15 hr after heat shock and then tested for 1-day training ( Figure 7B ). For the previous experiments, we used a modified memory ( Figure 7A ). In the absence of heat shock, 1-day memory after both spaced and massed training was massed training protocol (cf., [30] ), where flies sat in the training chamber for 150 min before training began. normal. When trained 15 hr after heat shock, 1-day memory after massed training was normal, whereas With this protocol, massed training ends at the same time as spaced training, but 1-day memory after that after spaced training was significantly reduced. Typically, 1-day memory after spaced training is commassed training is slightly higher than that after our standard protocol [30] , which does not include pretrainposed of 50% LTM and 50% ARM (Anesthesia-Resistant Memory), and LTM specifically is disrupted in ing exposure to the training chamber. Hence, we repeated the above experiments with our original massed transgenic flies inducibly overexpressing CREB repressor. 1-day memory after massed training, in contrast, is training protocol with only heat-shocked wild-type and EP331/+, hs-GAL4/+ flies. Here again, 1-day memory composed only of ARM [30] . Accordingly, these results suggest that ARM is normal and LTM is completely after massed training was normal, whereas that after spaced training was disrupted (massed, 27 ± 4 versus abolished in EP331/+, hs-GAL4/+ flies after acute dis- with respect to its entire size, domain structures, and 25 ± 4; spaced, 42 ± 4 versus 16 ± 7; n = 8 for all groups). active physiological sites ( Figure S3 ). dNR2 appears to be the sole gene encoding the Drosophila homolog of mammalian NR2, although there are four NR2 family Disruption of dNR1 Does Not Affect Sensorimotor Responses to Odors or Shock members in vertebrates [20] . dNR2 undergoes alternative splicing, however, to generate eight different tranAlthough dNR1 was expressed throughout the adult brain and especially also at the lateral protocerebrum scripts and three protein variants. The domain structures of dNR2 show high homology to vertebrate NR2, (LP), sensorimotor responses to the odors and footshock stimuli were not affected in transheterozygous but its entire size, active physiological sites, and molecular function are only moderately conserved from its EP331/+, hs-GAL4/+ flies before or after heat shock (Table S4) . Homozygous EP3511/EP3511 and EP331/ mammalian counterparts ( Figure 1C) . The dNR1 transcript is highly regulated during devel-EP331 mutants also performed normally to these sensory stimuli. opment and is expressed at high levels in late embryos when the larval nervous system is formed, in late pupae when the adult central nervous system develops, and responses to the stimuli used for this task (Table S4) [56] . Synaptic NMDARs can cause sustained CREB phosphorylation and CRE-mediated gene residue in dNR2 subunits is replaced by glutamine. In addition, TM1, TM4, and the short linker between TM2 expression, whereas extrasynaptic NMDARs actively suppress CREB activity via an as yet unknown mechaand TM3 domains also are critical determinants for Mg 2+ block [35] . Although the linker appears conserved nism. Hence, it seems likely that synaptic NMDAR complexes regulate memory formation by controlling nuin dNR2, TM1 and TM4 are not ( Figure 1C) .
Recently, fly NMDA receptors have been shown to clear signaling to CREB. netic and pharmacological disruptions of several components of the NMDAR complex produce learning im-
